Abstract We report simultaneous global monitoring of a patch of ionization and in situ observation of ion upflow at the center of the polar cap region during a geomagnetic storm. Our observations indicate strong fluxes of upwelling O + ions originating from frictional heating produced by rapid antisunward flow of the plasma patch. The statistical results from the crossings of the central polar cap region by Defense Meteorological Satellite Program F16-F18 from 2010 to 2013 confirm that the field-aligned flow can turn upward when rapid antisunward flows appear, with consequent significant frictional heating of the ions, which overcomes the gravity effect. We suggest that such rapidly moving patches can provide an important source of upwelling ions in a region where downward flows are usually expected. These observations give new insight into the processes of ionosphere-magnetosphere coupling.
Introduction
Ion outflow from the Earth's ionosphere is an important aspect of magnetosphere-ionosphere-thermosphere coupling, as it provides a significant, and at times dominant, source of magnetospheric plasma [Shelley et al., 1972; Lockwood and Titheridge, 1981; Yau and Andre, 1997; Andre and Yau, 1997; Moore et al., 1997; Chappell et al., 2000] . Such outflow potentially has a global impact on the entire Sun-Earth system through its ability to affect plasma transport and convection in the magnetosphere. The presence of heavier ionospheric ions, such as O + , may also influence the onset of magnetic reconnection at both the dayside magnetopause and the nightside magnetotail and the triggering of magnetic storms and substorms [Moore et al., 1997; Daglis, 1997; Winglee, 2004; . Ion outflow may also modulate atmospheric isotope abundances on geological timescales, depending on the fraction of upflowing ions that subsequently returns to the ionosphere and the fraction that is ejected into interplanetary space [Axford, 1968; Seki et al., 2001] . Ion outflows from the auroral and polar cap ionosphere fall into two categories, based on their flow speed. Bulk ion flows, including the polar wind and auroral bulk ion upflow ( Figure S1 in the supporting information), exhibit thermal ion upflows with velocity <1500 m/s, whereas suprathermal ion outflows, including ion beams, ion conics, and upwelling ions, correspond to upward motion in excess of the escape velocity (>10 km/s) Andre and Yau, 1997; Sharp et al., 1977; Semeter et al., 2003] . Thermal ion upflow in the topside ionosphere can supply ions to suprathermal ion outflows generated by various ion energization processes at higher altitudes Andre and Yau, 1997; Moore et al., 1997; Strangeway et al., 2005; Sharp et al., 1977] . In other words, ion upflow occurs mainly at low altitude with thermal velocities and serve as the source for ion outflow at high altitudes where the ions achieve escape velocities.
Upflowing ions are thought to be energized from two different sources: (a) the flow of electromagnetic energy (Poynting flux), associated with the large-scale convection electric field, and (b) the deposition of particle ZHANG ET AL.
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energy, primarily through soft electron precipitation [Strangeway et al., 2005; Skjaeveland et al., 2011] . The enhanced Poynting flux leads to ion heating through Joule dissipation and/or various current-driven waves and instabilities in the lower ionosphere, leading to ion upwelling due to modification of the pressure gradient, while electron precipitation modifies the electron temperature and density in the F region ionosphere and in turn leads to an ambipolar electric field that accelerates ions upward [Strangeway et al., 2005; Ho et al., 1994] . Sometimes the electron and ion heating may accelerate the ions upward together in certain regions [Skjaeveland et al., 2011 [Skjaeveland et al., , 2014 .
It is generally accepted that much of the upward flow in the auroral zones and cusp is returned to the F region by downward flows in the polar cap [Redmon et al., 2010] (schematically shown in Figure S1 ). Indeed, an average picture of topside plasma flows shows the fluxes to be downward in the polar cap [Redmon et al., 2010; Stevenson et al., 2001 ]. However, it should be noted that rapid antisunward flows can produce significant ion frictional heating, leading to upward flows in the polar cap [Strangeway et al., 2005] , where polar wind is often seen and simulated [Moore et al., 1997; Axford, 1968; Schunk and Sojka, 1989; Schunk, 2007] , and a "tongue" of ionization and polar cap "patches" are often seen in the ionosphere [Foster et al., 2005; Crowley, 1996] . In the presence of enhanced plasma density, which may well accompany such enhanced plasma flows, significant upward fluxes of thermal plasma can result. This study provides direct evidence for this process, where the source plasma was found to be in a polar cap ionization patch and a high population of heavy ions occurred in the topside ionosphere. Such events, which exist on magnetic flux tubes that thread the magnetotail lobes Andre and Yau, 1997; Moore et al., 1997; Strangeway et al., 2005; Sharp et al., 1977] , may supply a plasma injection mechanism for escape to higher altitudes in the magnetosphere.
Polar cap patches are formed by ionospheric dynamics in the "cusp region" [Crowley, 1996; Carlson, 2012; Lockwood and Carlson, 1992; Valladares et al., 1999; Rodger et al., 1994; Zhang et al., 2011a] . They appear as islands of high-density plasma in a background that may be less than the patch density by 50% or more [Crowley, 1996; Carlson, 2012] . During periods of southward interplanetary magnetic field, they follow the flow streamlines of a two-cell convection pattern [Dungey, 1961; Zhang et al., 2013 Zhang et al., , 2015 , moving across the pole from the dayside to the nightside, exiting the polar cap and entering the nightside auroral oval [Zhang et al., 2013 [Zhang et al., , 2015 Oksavik et al., 2010; Hosokawa et al., 2009] . Simulations have shown that the locations of polar cap patches coincide with sites of enhanced upwelling H + produced by O + + H ⇔ H + + O charge exchange in the propagating plasma patch [Schunk et al., 2005; Demars and Schunk, 2006; Gardner and Schunk, 2007] . However, it has been particularly difficult to study the correspondence between ion upflow and polar cap patches because of the limited data coverage of suitable instrumentation. Here we present a case study showing the dynamics of oxygen ion upflow associated with a polar cap patch. Our dataset combines ground-based global observations of the total electron content (TEC) provided by GPS receivers [Coster et al., 2003] and ionospheric plasma flows monitored by the Super Dual Auroral Radar Network (SuperDARN) radars [Greenwald et al., 1995; Chisham et al., 2007] , along with in situ plasma and magnetic field measurements from the Defense Meteorological Satellite Program (DMSP) F16 and F17 satellites [Hardy et al., 1984] .
Observations and Results
On 26 September 2011, a coronal mass ejection (CME) encountered Earth's magnetopause at 12:37 UT, providing two enhancements of solar wind dynamic pressure, P dyn , and producing a major geomagnetic storm [Zhang et al., 2013] . There was large and variable interplanetary magnetic field (IMF) at Earth with two intervals of exceptionally strong southward field (B Z , in red in Figure 1a ) ahead of the second pressure pulse (Figure 1b ). Southward IMF intervals favor rapid reconnection at the dayside magnetopause and are expected to generate pulsed ionospheric flows [Zhang et al., 2011b] , which have frequently been implicated in patch production [Lockwood and Carlson, 1992; Zhang et al., 2011a] . Note that the IMF B Z decreased and B Y increased (dominated) for a short period of about 18:20-18:30 UT, which would be expected to reduce the reconnection rate at the dayside magnetopause.
A large polar cap ionization patch formed in the cusp region near noon between about 18:30 and 19:30 UT, giving a local enhancement in TEC, and subsequently crossed through the throat into the polar cap along plasma flow streamlines [Zhang et al., 2013] . During the evolution of the patch within the polar cap, two DMSP satellite passes (by F16 and F17) intersected it. projected onto the maps of the TEC and flow streamlines. The location of the plasma patch is highlighted by the blue ellipse in each panel. The F16 satellite initially crossed the leading edge of the patch, after which F17 crossed through the front part of the patch, around the center of the polar cap region. The satellites observed well-defined enhancements in the O + number density when they encountered the patch (Figures 2 and 3a) , while the TEC within the patch remained fairly stable throughout the passes of the two DMSP satellites. In addition, the ion velocities measured by the satellites confirmed the observation of a two-cell convection pattern by the SuperDARN radars (Figures 4a-4c ) and the prediction from the expanding-contracting polar cap model (ECPC) [Cowley and Lockwood, 1992] . The measured flows were enhanced by about a factor of 3 during the F17 pass (Figure 2b ) compared to those in the F16 pass (Figure 2a ), which would be expected to produce significant frictional heating of the ions [Loranc and St. -Maurce, 1994; Wilson, 1994] . Note that the patch did not extend across the whole east-west extent of the antisunward convection region in the polar cap.
Both satellites crossed the auroral zone before and after traversing the polar cap region. In the auroral zone, the plasma number density was not consistently enhanced in the topside ionosphere (about 860 km, Figure 3a) , with only a weak enhancement seen in the dusk oval early in the passes. The vertical velocity in the auroral zone, however, was strongly upward and impulsive, a potential signature of wave heating process (Figure 3b ), which can still result in strong upward ion flux (Figure 3c ). We interpret these events as auroral bulk ion upflows, which are accompanied with an enhanced electron temperature (Figure 3d , T e > T i ), notable field-aligned current sheets or filaments (Figure 3e ) and enhanced electron and ion energy fluxes from the magnetosphere (Figures 3f and 3g) . The ion upflows appear to be roughly correlated with the variations in the magnitudes of the field-aligned currents. The auroral bulk upflows are much larger in the observations from F17 than in those from F16.
After entering the polar cap region, both satellites measured stable conditions in all the parameters until they encountered the polar cap patch. The F16 satellite crossed only the leading edge of the patch (Figure 2a) , where the ion number density, dominated by O + , increased by about a factor of 2; the vertical ion flows were steady and downward, resulting in downward enhancements of O + vertical flux; the ion temperature was elevated to a similar temperature to the electrons (T i ≈ T e ), the estimated field-aligned currents were near zero, and the electron energy fluxes were low, mainly confined to energies <1 keV. These downward O + fluxes are flow, (c1 and c2) the vertical ion flux of thermal O + , (d1 and d2) the ion and electron temperature, (e1 and e2) the estimated field-aligned current by using dB/dt, (f1 and f2) the electron energy flux, and (g1 and g2) the ion energy flux. The vertical dashed lines separate the approximate locations of the auroral zone and polar cap patch (also highlighted by the grey area), respectively.
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ZHANG ET AL. ION UPFLOW ASSOCIATED WITH POLAR PATCHinterpreted to be heavy ions originally accelerated by the cusp/cleft ion fountain, returning due under the action of gravity [Lockwood et al., 1985a [Lockwood et al., , 1985b Redmon et al., 2010] .
The satellite F17 crossed deeper into the front part of the patch about 12 min later (Figure 2b ). At this time, the O + number density was enhanced by about a factor of 3 and the horizontal velocity of the plasma has increased from about 400 to 1200 m/s. The corresponding vertical ion flow speeds are increased and upward, and the resulting upward O + vertical flux was consequently strong (reaching about 7 × 10 9 cm À2 s À1 ). The estimated field-aligned currents were again near zero, and there was strong soft electron precipitation over the whole polar cap pass (not only in the patch) with electron energies in the range~50-300 eV (Figure 3f2 ). Figure 1a shows that there is a short period of decreasing IMF B Z and increasing B Y (which becomes the dominant component) from about 18:20 to 18:30 UT. This would be expected to reduce the reconnection rate at the dayside magnetopause, consistent with the weak flows (about 500 m/s) near the cusp "throat" (seen in Figure 4a ). After the IMF returned strongly southward, there were flow bursts (up to about 1200 m/s) near the cusp region, associated with pulsed dayside reconnection (Figures 4b and 4c) [e.g., Wild et al., 2001; Zhang et al., 2011b] . Assuming that the distance between the poleward edge of the cusp region and the center (Figures 4d-4f ). These observations are consistent with the well-known propagating ionospheric signatures of pulsed reconnection at the dayside magnetopause [Wild et al., 2001; Zhang et al., 2008] and are associated with the poleward evolving patches (Figure 4g ). This strongly suggests that the ionospheric flow bursts and the plasma patches are both generated by pulsed dayside reconnection, due to the strong southward IMF conditions.
Discussion
In the polar cap, the plasma flux in the topside ionosphere is usually expected to be downward, due to the action of gravity on the heavy ions previously driven upward in the cusp/cleft ion fountain [Lockwood et al., 1985a [Lockwood et al., , 1985b Redmon et al., 2010] . However, the field-aligned flow can turn upward when rapid antisunward flows appear, with consequent significant frictional heating of the ions, which overcomes the gravity effect. This increase in the vertical ion flux is associated with an elevated density at higher ionospheric altitudes in the polar cap. As an example, the observations from F16 offer us a picture in which downward fluxes dominated the polar cap while the antisunward flows were too weak to produce enough frictional heating of the ions to drive upward flow (Figures 2a and 3a) , whereas the vertical velocity, measured by F17, turned upward and increased in magnitude as the antisunward flows became enhanced to values above 800 m/s (Figures 2b and 3b) . Although there was a strong correlation between the magnitude of the cross-track flow and the response of the vertical flow in the polar cap, the magnetic dip angle is very high and the contribution of the horizontal flow to the vertical flow is very small. An extensive survey has been performed for all of the crossings of the central polar cap region (magnetic latitude greater than 85°) by F16-F18 from 2010 to 2013 ( Figure 5 ). The scatterplot includes the data from 16,025 DMSP transpolar orbits, in which 47.6% of points have positive V z (V z > 0) and 52.4% of points have negative V z . The scatterplot in Figure 5 (left) shows a clear "V"-shape trend to the vertical velocity, V z , that is upward and increased in magnitude when the cross-track horizontal velocity, V y , becomes enhanced above a certain value, which may be dependent on the magnetic conditions at that time. It is certainly possible that large horizontal flows, such as implied in this study, give rise to non-Maxwellian velocity distributions for which a fit to a Maxwellian will yield an apparently high value. The horizontal and vertical drifts are derived by locating the centroid of a distribution for which the "thermal" width is small compared to the vehicle speed of 7.5 km/s. Assuming this is the case, even a non-Maxwellian distribution will produce relatively small uncertainties in the derived vertical and horizontal drifts shown here. The scatterplot in Figure 5 (right) also shows a clear increasing trend in the ion temperature as V y becomes enhanced, especially for negative values of V y . Thus, the statistical results confirm that the field-aligned flow can turn upward when rapid antisunward flows appear, with consequent significant frictional heating of the ions, which overcomes the gravity effect.
Frictional heating of the ions maximizes near the F peak, and it is in this region where the plasma pressure is increased and thus produces upward flow. At higher altitudes in the topside ionosphere, we may observe upward flows of the ions but the ion temperature will not be highly elevated because the upward flow is associated with adiabatic cooling of the gas [Heelis et al., 1993] . Thus, we would not normally expect to see evidence of Joule heating in the topside ionosphere at high latitudes. The F17 data showed that the polar cap ion temperature was indeed enhanced (Figure 3d2 ). Thus, we propose that the observed O + upflows were mainly accelerated by frictional heating due to rapid plasma flows in the polar cap. Although both energetic particle precipitation and frictional heating were taking place in the cusp region, the flow enhancement extended over a wider area and was thus able to drive upflows over a large region of the polar cap. The ion upflow flux, the prime parameter of interest in terms of the contribution to polar ion outflow, was thus a multiplication of the density enhancement (i.e., the patch) generated and transported from the dayside, and the ion upward velocity, presumably related to frictional heating produced by rapid antisunward flows. The upward ion flux was very strong at times, mainly due to the enhanced density contained in the patch. These large fluxes of upwelling ions, therefore, could form an abundant seed population that might be further heated at higher altitudes to escape velocity by various energization processes Andre and Yau, 1997; Moore et al., 1997; Strangeway et al., 2005; Sharp et al., 1977] . Note that there was a sharp density boundary when F17 exited the dawnside edge of the patch region. This occurred because the horizontal convective flows, measured by F17 and the SuperDARN radars, had a component normal to this boundary (pointing duskward), with weaker flows inside the patch (higher-density region) and stronger flows outside it (lower density region), although the SuperDARN 2-D convection pattern was dependent on the statistical convection model [Ruohoniemi and Baker, 1998 ] due to a lack of sufficient echoes in this region. The existence of this flow gradient therefore produced a "steepened" boundary. This gradient did not correspond to higher T i , as would be expected if the lower densities were produced by enhanced loss rates associated with the faster flows. Thus, this gradient appeared to be caused by the spatial distribution of the source plasma that was subsequently convected to the satellite path.
Conclusions
The observations presented here provide an excellent record of two types of O + upwelling affecting the topside of the polar ionosphere: type one occurs within an ionization patch at the center of the polar cap region, associated with the frictional heating produced by rapid antisunward flows, and type two occurs within the auroral zone, associated with field-aligned currents. The polar cap patches provide an important source of upwelling ions which could form a seed population for plasma escape at higher altitudes. However, how the O + is further accelerated to produce outflow, and the resulting O + trajectories, are not yet well known. These are important subjects that will be addressed by the ongoing Enhanced Polar Outflow Probe (e-POP) mission [Yau and James, 2011] and by the future Magnetosphere-Ionosphere-Thermosphere Coupling Constellation mission [Liu et al., 2014] .
